ABSTRACT Specific anti-Salmonella enteritidis (SE) and natural anti-α-gal epitope (Galα1-3Galβ-1-4GlcNAc-R; anti-Gal) antibodies were measured in plasma sample pools and individual bile specimens obtained from hens differing in diet efficiency. More SE somatic (O) and flagellar (H) antibodies were found in plasma pools from efficient hens (R−) compared with nonefficient hens (R+) after oral challenge with live SE. Mean titers of somatic agglutinins in bile were 2.3 in R− hens and 1.9 in R+ hens (P = 0.06) following live challenge. Salmonella enteritidis antibodies were also found in bile of nonchallenged hens of both types but their levels were not significantly different. Flagellar (H) agglutinin scores were higher in SEchallenged hens compared with nonchallenged hens (3.1 vs. 2.1; P ≤ 0.004) but efficiency types did not differ. Bile also contained high titers of the anti-Gal antibody indicated by the agglutination of glutaraldehyde-stabilized rabbit erythrocytes. The average titer of all SE-nonexposed hens was 9.0 corresponding to 1:5,120 when cor-
INTRODUCTION
Hens may be differentiated as efficient or nonefficient based on food consumption. That portion of phenotypic variation not explained by metabolic BW, BW gain, and egg mass is defined as the residual feed intake. Hens with low residual feed intake (R−) need less feed to reach the same BW and production level and are, therefore, more diet-efficient than hens with high residual feed intake (R+; Van Eerden et al., 2004a) .
Questions concerning possible negative consequences of efficiency status have arisen from these observations. Do R− hens differ from R+ hens with respect to how they allocate metabolic resources to maintain immunity? Perhaps dietary efficiency is attained at the expense of other physiological processes. If this is the case with re-1 Corresponding author: kamcotter@juno.com 435 rected for the initial dilution and expressed in conventional terms. Salmonella enteritidis exposure was associated with higher anti-Gal titers. The average antiGal titer for all SE-exposed hens was 10.0, corresponding to 1:10,240 in conventional terms; this difference was significant (P ≤ 0.016). Diet efficiency type-associated differences in anti-Gal titers were not significant. Collectively, our data indicate that diet efficiency status is not associated with compromised Salmonella-specific immune responses. Rather it appears that the immune responses of diet efficient hens (R−) are also more efficient. This is because R− hens produced higher levels of O-and Htype antibody only as the result of direct exposure to living SE. On the contrary, R+ hens produced H-type antibody because of challenge with heat-killed SE, a circumstance that will not result in disease. Moreover, the hen type difference does not seem to occur at the expense of innate immunity as measured by anti-Gal antibody levels. spect to immunity then the course of infectious disease, for example, might be altered in efficient hens.
The antibody responses of R− and R+ hens were examined using keyhole limpet hemocyanin, Mycobacterium butyricum, Salmonella lipopolysaccharide, and Salmonella total protein as test antigens. These results have been described in detail previously (Van Eerden et al., 2004b) . Briefly, titers of efficiency types immunized with keyhole limpet hemocyanin, M. butyricum, or Salmonella lipopolysaccharide did not differ, but R+ hens had higher titers to Salmonella total protein antigen (Van Eerden et al., 2004a) . Conversely, R− hens inoculated with live Salmonella produced higher natural keyhole limpet hemocyanin antibodies than did R+ hens (Van Eerden et al., 2004b) . It is unknown if these observations represent an altered immune status in R− hens. These results have prompted the present experiments concerning the composition of bile due to its importance as a source of gastrointestinal IgA. Additionally, samples of pooled plasma obtained from the original study were reexamined for Salmonella enteritidis surface (O) and flagellar (H) antibody using an adaptation of the classic Widal test originally designed for the diagnosis of typhoid (Widal, 1896) . This was based in part on the earlier observation of higher total SE protein titers in R+ hens when measured by an ELISA procedure (Van Eerden et al., 2004a) .
The relationship between efficiency status and IgA has not yet been reported. This isotype is likely an important means of defense against Salmonella (Sheela et al., 2003) and high quantities of IgA are found in bile (Cotter, 2000) . Because half of the hens of each R type were exposed to SE by oral challenge, we compared their bile O and H antibody levels. We measured titers to the naturally occurring rabbit hemagglutinin, anti-Gal, as an indicator of innate immunity. This represents an important innate antibody (Cotter et al., 2005) and has not yet been reported in bile.
MATERIALS AND METHODS
The Institutional Animal Care and Use Committee of Wageningen University approved all experimental protocols.
Hens and Husbandry
The hens of the current experiment and those used earlier were of the Lohmann Brown Egg type. They were reared on floor pens through 4 wk of age. Phenotypic selection to determine efficiency status was based on energy consumption calculations made at 14 wk following 10 wk of data collection. The mean residual feed intake difference for the 2 dietary types and the 4 trials was 4 SD. Hens were fed a starter diet (ME, 2,600 kcal/kg; CP, 200 g/kg) and water ad libitum. This was gradually replaced by a grower diet (ME, 2,600 kcal/kg; CP, 175 g/ kg) fed throughout the remainder of the experimental period. Climate respiration chambers receiving 9L:15D with the average temperature adjusted to 21°C served as isolation housing. The details of these procedures have been reported previously (Van Eerden et al., 2004b) .
Salmonella Exposure
Four batches of 16 hens each were alternately exposed or not exposed to 1 × 10 8 cfu of a nalidixic acid-resistant strain of SE by oral challenge given at 16 wk (Van Eerden et al., 2004b) .
Collection of Bile and Plasma
Bile samples (n = 59) were obtained at necropsy at 20 wk by puncturing the gall bladder with a 21-gauge needle attached to a 1-mL tuberculin syringe. A few gall bladders were empty but typically a volume of bile ranging from 0.25 to 1.5 mL was recovered. Bile samples were stored at −20°C until the time of testing. Pools representing each day postexposure contained approximately 20 L from each of 10 hens representing the 4 treatment groups. Those hens challenged with live Salmonella were designated S+, and those challenged with heat-killed Salmonella antigen by S−. Hens of the original experiment exposed to heat-killed SE (S−) were boosted with 4 × 10 7 cfu of the same antigen on d 23 by s.c. injection. Thus, with respect to the plasma study, the treatment combinations were: R−S−, R−S+, R+S−, and R+S+; where R (+ or −) indicates efficiency status, and S (+ or −) indicates live or heat-killed Salmonella exposure. With respect to the bile study, S+ and S− refer to hens challenged or not challenged with live SE.
Salmonella O and H Antigen Preparation
Both O and H antigens were prepared by standard procedures (Campbell et al., 1964) . The same isolate of SE used for challenges was recovered from frozen (−80°C) storage and grown out overnight at 36°C on brilliant green agar plates (BGA; Oxoid Ltd., Basingstoke, UK) containing 0.01% nalidixic acid (Van Eerden et al., 2004b) .
Somatic (O) antigen was prepared by streaking a few typical colonies from the BGA plate onto brain heart infusion (Oxoid Ltd.) agar plates using a sterile cotton swab. Plates were incubated overnight at 38°C, after which plate surfaces were completely covered by a dense bacterial lawn. Sterile PBS was used to harvest the lawns and a bottle containing 250 mL of bacterial suspension was immersed in a boiling water bath for 3.5 h. It was left to stand at room temperature overnight and again immersed in boiling water for an additional 1.5 h on the next day. The now killed bacteria were washed 3 times with Dulbecco's PBS (0.15 M, pH 7), and concentrated by centrifugation to 0.1 of original volume. The resulting product had the appearance of skim milk. It was judged sterile by its failure to cause turbidity in brain heart infusion broth tubes after prolonged incubation at 38°C, and its failure to produce growth on BGA plates. Storage was in 0.3% formaldehyde PBS at 4°C. Flagellar (H) antigen was prepared from the same BGA plate colonies used for the O antigen. A 250-mL brain heart infusion broth bottle was grown out at 38°C until its turbidity reached MacFarland scale No. 3 (approximately 9 × 10 8 cells/mL). Then, 250 mL of PBS containing 0.6% formaldehyde was added and the mixture was allowed to stand at room temperature for 5 d. Sterility tests were performed as for the O antigen.
Salmonella O and H Antibody Determination
The O-type antibody titer was determined by microtiter agglutination. Bile or plasma was serially diluted in PBS containing 0.3% formalin by transferring it through 96-well, U-bottomed plastic plates (no. 650101, Greiner BioOne, Frickenhausen, Germany). The first well contained 100 L of the sample diluted to 1:20. Transfers were made to all wells through well 11, which contained a 1:20,480 dilution of the original specimen. Then, 10 L of O antigen was added to all wells including well 12, which served as the antigen control. The plates were shaken mechanically and incubated overnight at room temperature. Settling of the antigen produced a typical "blanket" agglutination pattern in strongly positive wells. Titer was determined as the last well showing clear evidence of "blankets" while the plate was resting horizontally. A second titer was determined by elevating the plates to an angle of 45°. After 1 to 2 min, antigen in negative wells slid completely to the bottom edge, whereas in positive wells, it remained in place or showed clear evidence of delayed settling.
The H-type antibody titer was determined in tubes containing 250 L of bile or plasma diluted with PBS containing 0.3% formalin to 1:10 and 1:50. An equal part of H antigen preparation was added and the tubes were incubated at 38°C for a minimum of 2.5 h. Each tube was examined for the presence of a "floc" using a mirrored fluorescent light. Flocs were scored from 0 to 4+, and the tubes were reincubated at 4°C for an additional 18 h, and rescored.
Anti-Gal Antibody Determination
Anti-Gal antibody was determined by the agglutination of rabbit erythrocytes because these cells express high levels of the α-Gal epitope (Cotter et al., 2005) . To prevent direct lysis of the erythrocytes by bile, the rabbit cells were first stabilized by exposure to glutaraldehyde (Barrett, 1985) . Cells were packed by gentle centrifugation and washed 3 times with PBS. Five milliliters of packed red blood cells was mixed with 100 mL of PBS containing 0.25% glutaraldehyde. The mixture was placed on a laboratory rotator for 5 min after which the cells were removed from the glutaraldehyde by gentle centrifugation (2,000 rpm, 5 min). Residual glutaraldehyde was removed by repeated PBS washes. The cells were stable as judged by the absence of hemoglobin loss during several weeks of storage at 4°C.
Bile was added to microtiter plates so that the first well contained a 1:20 dilution. Doubling dilutions were made in PBS by transferring 25 L to all wells through well 11, leaving well 12 as an antigen control. Stabilized rabbit cells (10 L) were added to each well and the plates were shaken mechanically for several seconds followed by incubation overnight at room temperature.
Statistical Analysis
Microtiter and tube test data were analyzed using the GLM procedure of SPSS (version 11.5, SPSS Inc., Chicago, IL) for Windows.
RESULTS
Agglutination of flagellar (H) antigen by pooled plasma is given in Table 1 . The absence of flocs on d 0 indicates that H-specific agglutinins were not present in any of the experimental groups prior to SE exposure. This status 
Plasma specimens were pooled from approximately 10 hens per treatment. Tubes were diluted to 1:100 in 0.3% formalized PBS. Incubation was for 2.5 h at 36°C followed by 18 h at 4°C. The numerator is the 2.5-h score; the denominator is the 18-h score. Score: − = no floc, +/− = weak positive, to 4+ = large, cloud-like floc.
2 R− = feed-efficient hens; R+ = nonefficient hens; S− = hens exposed to heat-killed SE; S+ = hens exposed to live SE. changed by d 9 because 4+ flocs were detected in the plasma of both R− and R+ hens challenged with live Salmonella (S+). The levels of H agglutinins decreased in both hen types through d 29 as indicated by the decline in floc scores. This appeared to occur at a slower rate in the R− type.
Heat-killed antigen challenge resulted in transient production of weak flagellar agglutinins in plasma from the R+ hens but these were not detected in the R− type. Both S− groups were rechallenged with heat-killed antigen on d 23 by s.c. injection. This resulted in the production of strongly positive flagellar agglutinins in R− hens by d 29 compared with moderate levels in the R+ type (Table 1) .
Plasma somatic (O) agglutinin development is shown in Table 2 . As was the case with flagella agglutinins, each treatment group was negative on d 0 but positive results were detected by d 9. Agglutinin levels were highest in the live challenge groups (S+) but O agglutinins were also found in heat-killed challenge (S−) groups, although at lower levels. Rechallenge on d 23 resulted in higher somatic titers in R+ hens. Microtiter plates were read after 5 h (numerator) and 18 h (denominator) incubation at 20°C. Plasma specimens were pooled from approximately 10 hens per treatment. Well 1 was diluted to 1:20 followed by doubling dilutions in 0.3% formalized PBS. 2 R− = feed-efficient hens; R+ = nonefficient hens; S− = hens exposed to heat-killed SE; S+ = hens exposed to live SE. Antigen aggregates were present. The results of bile tests are presented in Tables 3 and 4. Widal test scores for H antibody depend on the production of distinct floc type agglutination. The antibody combines with flagella protruding from the surface of the bacterial cell. The resulting agglutination is loose, cloudlike, and remains partially suspended. The results indicate that SE-challenged hens produced significantly more floc-type agglutinins than nonchallenged hens (Table 3) . At the 1:10 dilution there was a greater difference in challenged vs. nonchallenged R− hens compared with R+ hens but this was not significant (P ≤ 0.09). Somatic (O) agglutination data are given in Table 4 . This type of agglutination depends on the antibody's ability to bind with structures located on the cell wall surface. In some cases the agglutination results in the end-to-end alignment of the cells as was observed by microscopic study (data not shown). Palisades were also observed and it is likely that these further strengthened the overall agglutination. Part Bile was serially diluted in PBS containing 0.3% formalin; well 1 was diluted to 1:20 followed by doubling dilutions. of the palisade process may involve reactions with non-O non-H antigens remaining after heat or formalin treatments. The agglutinated cells settle on the bottom of the wells forming "blankets" most probably caused by reactions predominated by IgM. Weaker agglutination reactions are detected by elevation of the microtiter plates to a 45°angle. Wells showing weak agglutination appear negative at first when the plates are lying flat. After elevation, weakly agglutinated antigen remains in place or exhibits a conspicuous delay in settling. Nonagglutinated antigen begins to slide to the bottom edge of the well almost immediately. Weak agglutinins are most probably predominated by IgG.
The R− hens produced higher O titers when exposed to Salmonella compared with R+ hens (2.3 vs. 1.9, P = 0.06; Table 4 ). Efficiency types did not differ in the absence of exposure, nor did they differ in the production of weak agglutinins.
Rabbit agglutinin (anti-Gal) data presented in Table  5 show that bile contained this antibody in high titer. Efficiency types did not differ in anti-Gal levels, but titers were significantly higher in groups exposed to SE (P ≤ 0.02).
DISCUSSION
The present experiments were designed in part to determine if phenotypic selection for metabolic efficiency results in hens having a compromised immune status. It has been assumed that genetic selection for improved production efficiency may have negative consequences with respect to animal health issues (Dunnington, 1990) and long-term selection for growth was negatively correlated with the immune response to SRBC antigen (Dunnington and Siegel, 1996) . Genetic selection for improved broiler performance resulted in a decrease in the adaptive arm of the immune response but an increase in the cellmediated and inflammatory responses (Cheema et al., 2003) . Our experiments were not a direct test of the conse-quences of genetic selection because efficiency status was determined on phenotype alone. Our observations may appear to contrast with those reporting a negative relationship between fast-growing meat strains and immunity. However, the hens of the present study were commercial layers approaching maturity when challenged with SE. Some were already at the point of lay by 20 wk when the experiment was terminated. Presumably, any possible negative relationship between efficiency status and immunity existing during the rapid growth phase was minimized.
The present observations may bear on such issues indirectly because the questions addressed are related. Salmonella O-and H-antibody production represent tests of specific immunity, whereas the anti-Gal antibody represents innate immunity; both were measured in hens already separated phenotypically by metabolic criteria.
Animal resources are limited; energy devoted to one physiologic process is thought not be available for another (Beilharz et al., 1993) so some compensation may be required, especially in environments that are less than optimal. If metabolic efficiency is attained at the expense of immunity, then high residual feed intake hens (R+) might be better equipped to deal with infectious challenges. This would be because they may possess reserves not found in R− types. Metabolic efficiency might have a hidden cost. If selection for production traits followed a similar principle, genetic gains in performance might also be accompanied by weakened immunity. Consequently, such individuals might become more dependent on antibiotics or vaccines to maintain a healthy status.
Alternatively, some components of immunity might have such a high priority that metabolic efficiency cannot be achieved at their expense; at least this seems to be the case for O and H antibodies, as measured by the Widal method, and also for anti-Gal. The nutrient demand for maintaining the immune system during an infectious challenge is very small relative to the demands of growth or egg production. It is likely that the acute phase response is a more significant consumer of nutrients than the immune system itself (Klasing, 1998) . Presumably, live oral challenge with SE caused some type of inflammatory response but perhaps it was mild.
The transient development of H agglutinins in the plasma of R+ hens challenged with heat-killed antigen (Table 1 ) might be interpreted as illustrating inefficiency. This would be true in either of 2 instances. In typhoid disease, H agglutinins are thought to develop later during the course of infection than O-type agglutinins (Pai et al., 2003) and flagella are a component of the virulence factors of SE in chicks (Parker and Guard-Petter, 2001) . A challenge by a heat-killed antigen will not result in disease, thus there is no infection. If R+ hens devote resources to the synthesis of unnecessary (H) antibody, whereas R− hens do not, it could be argued that this represents inefficiency. Live challenge, on the other hand, resulted in higher production of bile H antibody in R− hens compared with their nonchallenged counterparts (Table 3) . Because control of SE disease at the mucosal surface depends on secretory IgA, this would appear to represent efficiency.
The O-type agglutinins of typhoid develop early and are mostly IgM (Pai et al., 2003) . Based on the "blanket" form of the plasma agglutination products (Table 2) , this was probably true with SE as well. Immunoglobulin M could not have been an important component of bile agglutinins because it was detected in only 2 of 59 hens (Cotter and Van Eerden, 2006) . More likely, IgA provided the bulk of the O agglutinins as this isotype was found in all bile samples, as was IgG (data not shown). The R− hens produced higher levels of "blanket" type agglutinins, presumably IgA, than did R+ hens (Table 4) . The R+ hens, on the other hand, produced more "weak" agglutinins, presumably IgG. If it is argued that IgA is the more important isotype in defense of mucosal tissue, then it follows that the response of R− hens is more efficient.
It is believed that anti-Gal antibodies arise because of a stimulus provided by gut microbes including enterobacteria (Weiner, 1951) . Perhaps Salmonella exposure stimulated the observed rise in anti-Gal found here (Table 5 ). The precise functions of natural antibodies are unknown but they are believed to play a role in preventing the dissemination of potential pathogens (Ochsenbein et al., 1999) . Our observations are consistent with this idea and perhaps by temporarily raising anti-Gal levels, hens acquire a broader spectrum of protection. This would occur in addition to the heightened protection due to pathogenspecific responses.
Few studies on natural anti-Gal of chickens have been reported and we are not aware of any that include data on bile. Our results show that this antibody is present in bile and at a high level. It is our belief that anti-Gal represents the singular most important antibody type. This opinion is based both on its quantity, its presence in bile as demonstrated here, and its distribution in avian species as reported earlier (Cotter, 1998) .
In summary, our data suggest that metabolic efficiency in R− hens was attained without any apparent compromise in their specific immune capacity. On the contrary, it appears that metabolic efficiency was accompanied by immune efficiency rather than at its expense. It remains to be determined if the same would occur with genetic selection.
